Continuous rigid-frame bridges are usually used in building bridges with long span and high piers. It is characterized by the consolidation between piers and beams in the middle of bridge piers and flexible bridge piers in the lower part. Among all the factors, curvature has the most obvious influence on the stress of curved continuous rigid-frame bridge, because of which, the curved beam bridge produces coupling effect of bending moment and receives complicated stress, leading to the deformation such as torsion and displacement of radial direction. No matter it is the castscaffold construction or cantilever construction, for continuous rigid-frame bridges, considering that after the long term creep of concrete, structure stress tends to be in a drop-frame state, so it is necessary to know the mechanical properties of the finished bridge. Taking the Chongqing Yangtze River Bridge as an example, this paper mainly analyzes the internal forces and deformations of a finished curved continuotus rigid-frame bridge by establishing a spatial finite element model with Midas Civil 2006 software and by changing the model's radius of curvature. The results show that as the curvature increases, the vertical deformation and torsion angle of the long-span curved continuous rigid-frame bridge are both reduced under the effect of a dead load and prestressed load, presenting mechanical properties of bridge, namely, "coupling effect of bending moment". In the model analyzed, the deformation of the bridge in the transverse direction also behaves a trend of gradual decrease with an increase in radius of curvature with the range 500-2000 m.
Introduction
The word "bridge" is used here to refer to buildings constructed to allow roads to cross natural or artificial barriers. A bridge is generally composed of five major parts, including an upper or lower span structure of bridge span which bears the traffic load from automobiles or other vehicles, and five smaller parts. They assure the safety of the bridge structure.
A rigid-frame bridge consolidates the main beam with its piers. Due to this consolidation, the bending moments on the main beam are transferred to the piers so that the piers are subjected simultaneously to the effects of bending and stress. Rigid-frame bridges have a super-statically determinate structure and thus have complex stress conditions. In addition to problems associated with the dead load and potential fire disasters, we also need to take into account the variation in the internal structural forces induced by soil pressure, temperature variation, the shrinkage and creep of concrete, and the nonuniform settlement of piers, etc. According to their different means of support, rigid-frame bridges can be classified into articulated and non-articulated types. With regards to engineering, rigid-frame bridges are usually divided into single-span, multi-span, slant-legged, prestressed T-type, and prestressed continuous rigid-frame bridges, etc.
Continuous rigid-frame bridges are applicable to bridges with high piers and large span. They consolidate the main beam with piers and there is no hinge in the mid-span. Therefore, traveling on such a bridge is comfortable. The piers are generally flexible and thin-walled. Their role is similar to that of cycloidal cylinders. The flexibility of the piers can be used to adapt its longitudinal displacement caused by various external forces. The piers are not high, which has less built-in effect on the beam. Therefore, the stress state of the beam is close to that of a continuous beam bridge. Considering the effects of longitudinal deformation, rotation of the beam direction and the eccentricity pressure on the piers, flexible piers are used in continuous rigid-frame bridges.
In recent years, the construction of prestressed concrete (PC) continuous rigid-frame bridges has significantly increased all over the world with the rapid development of global economy and technology. In 1998, Norway built the world's first bridge of this type (the Stolma Bridge with a main span of 301 m) and also the world's second (Raftsundet Bridge with a main span of 298 m). In 1997, China built the Humen Bridge (with a main span of 270 m), which suggested that PC continuous rigid-frame bridge construction in China has taken a leading position in the world.
The stress state in T-type rigid-frame bridges is basically identical both in the construction and operation stages. As Ttype rigid-frame bridges can make full use of the performance of the materials used, their spans are allowed to be enlarged.. However, due to the use of hinges between the main beams, the high deflection in the mid-span, and the difficulty in producing, installing, and maintaining the hinges, T-type rigidframe bridges have been seldom used in recent years. At present, the world's largest PC T-type rigid-frame bridge is the Asuncion Bridge in Paraguay, South America. It was built in 1978, with a span of 270 m. China's largest PC Ttype rigid-frame Bridge is the Chongqing Yangtze River Bridge, with a main span of 174 m.
The Chongqing Yangtze River Bridge
The Chongqing Yangtze River Bridge (also known as the Shibanpo Yangtze River Bridge) is located between Shibanpo (Yuzhong District) and Liziyuan (Nanan District) in Chongqing, China. Construction of the bridge began on November 26, 1977 and it was put into use on July 1, 1980, six months ahead of schedule. The bridge crosses the Yangtze River with its northern end connected to the main arterial route in the southern district which stretches straight to Chongqing Railway Station and Chaotianmen Port; its southern end is connected to the Sichuan-Guizhou road. Its total length is 1,120 m (including the abutment aerial part). The northern approach is 496 m long, the southern approach 1,725 m long, and there was originally a twin-bore tunnel in the southern end which was dismantled in 2003 to build a new interchange on the southern end. The intersection of the end of the south approach with the north approach uses a half-bridge interchange. The main bridge includes 7 piers, 2 platforms, 8 holes, and is 311 m in total. The main span is 174 m long. This bridge is the T-type steel structure bridge with the longest span in the world. It was designed by the Shanghai Municipal Design Institute and constructed by the Chongqing Bridge Engineering Company. The bridge crosses the Yangtze River and, with its grand charm, has become one of the famous attractions in Chongqing. On the end of the bridge, there are inscriptions by marshal Ye Jianying (a famous supreme commander in China). A sculpture on the bridgehead ('Seasons') was created by the Department of Sculpture, Sichuan Fine Arts Institute, China, and represents the four seasons of life by impersonating the seasons in fantasy. In December 2003, a new double-lined bridge was built based on the original Chongqing Yangtze River Bridge to improve the traffic capacity and relieve the traffic pressure on the Chongqing Yangtze River Bridge. On 25th September, 2006, the double-lined bridge was completed and opened to traffic.
The four figures (spring, summer, autumn, and winter) in the Seasons sculpture on both bridgeheads also caused an intense discussion in the whole city that year. Artists suggested that the four figures should be sculptured completely naked, like the famous sculptures seen in western countries. However, after several months of intense discussion, the traditional national consciousness gained the upper hand and each figure was decorated with a streamer to block three points on the four figures. In fact, sculpture should be appreciated from artistic perspective. If the three points had not been blocked, this bridge would surely be a famous tourist attraction in China. The main bridge is 1,120 m long in total. The whole bridge has the structural form 86.5 -4×138 -330 -133.75 (m), with the maximum span being 330 m (the longest span of any continuous rigid bridge in the world). The cantilever beam is 3.2 m high, the root is 11.0 m high, the span of the hanging beam is 35 m long, and the bridge is 21 m wide. It has four lanes and one 2 m wide sidewalk on each side). The upper structure is composed of two single cell-box girders, which saves material and is more convenient to construct than a three-rib structure. Threedimensional prestressed and cast-in-place cantilever methods were utilized in the construction. The strength reached R30 in 3 days. The bridge is the first in China to use prestressed elastic-expansion joints with stiffening steel and chloroprene rubber pipes whose expansion capacity reaches 200 mm).
The piers have a hollow, uniform cross-sectioned reinforced-concrete structure. The vertical walls of the piers are set to correspond to the ribs of the box girders. The base edge is 60-70 m away from the bridge surface. A sliding form construction method was used, i.e. the bridge height was increased by 2.8-4.0 m every day during the construction. There is a twin-bore tunnel in the south bridgehead, with a length of 311 m.
The two continuous, rigid-framed girders of the Chongqing Yangtze River Bridge were constructed by using the hanging-basket cantilever construction method. In addition to the block pieces on the pier, the single T-type box girder is divided into 20 pairs of beam sections. These beam sections use symmetrical, cast-in-place cantilevers arranged in a 6×3.0 -6×3.5 -4×4.0 -4×4.5 formation. The blocks on the pier are 12.0 m long, the closure section of the middle hole is 2.0 m long, and the cast-on-site section of the side holes is 11.0 m long. The most massive block used in the cast-in-cantilever beam section is 163.0 tons in weight. The hanging-basket weighed 80 tons and the weight of the hanging-basket in the closure section of the middle hole is limited to 20 tons. The closure of the main bridge was designed to be of the order of the side span and mid-span.
Piers 1#, 2#, and 3# of the main bridge of the Chongqing Yangtze River Bridge (Fig. 2) are all double thin-walled hollow piers, with heights of 42, 51, and 52 m, respectively. Their transverse length is 6.5 m and the forward width is 2.5 m. The foundations of piers use a cast-in-place bored pile of 1.8 m and are designed based on a socketed pile.
Construction of the finite element model
Based on the Chongqing Yangtze River Bridge, this paper constructed a finite element model (FEM) starting with construction phase and using economical and practical threedimensional beam elements. The model of the whole bridge consists of 228 units and 235 nodes. The main beam and pier were modeled using 144 elements and 84 elements, respectively. Fig. 3 shows how the three-dimensional model of the whole bridge generates Fig.3 . The three-dimensional model of the whole bridge.
Elements
The main beam and piers of the Chongqing Yangtze River Bridge are constructed with beam elements. Each element consists of two nodes and belongs to the 'three-dimensional beam element of uniform or variable section' class, which provides the element with properties including deformation rigidness due to tension, pressing, shear, and torsion. Each node of the beam element has a linear and rotational displacement in three directions (either in the element's or global coordinate system), that is, each node has six degrees of freedom.
Boundary conditions
There is a vertical restriction on the central line of the box girder web on the abutments of the two ends of the Chongqing Yangtze River Bridge (the continuous rigidframe bridge). The rigid arm is used to connect the top of the pier and the main beam nodes corresponding to the pier's top section in where the pier and beam are consolidated As the bridge's foundations employ socketed piles and the cushion cap has a large size, the necessary consolidation restrictions are included in the treatment of the boundary conditions of the pier's base.
Prestressed loads
When building the model, Midas Civil software modeled the loads on the prestressed steel beams as an equivalent loads to work on the concrete interface. When calculating transformed section, the intensity and velocity of the steel beam are also considered. The prestressed steel beam in the main beam of this model was simulated by using prestressed elements.
Calculating the coordinate system of the model
The origin of the global coordinates used in the model is located at the center of the top surface of the roof of box girder 1#. The positive direction of the x-axis was taken to be in a direction tangential to the curve along the longitudinal direction of the bridge. The positive direction of the y-axis was set in the direction to the center of the circle of the curved-beam bridge; the positive direction of the z-axis is vertically upwards
Geometrical parameters of other finite element models
Based on the Chongqing Yangtze River Bridge, by changing the radii of curvature of the main bridge, other FEMs are constructed in the same way as that of the Chongqing Yangtze River Bridge with same span layout of the main beam, pier heights, and size and material of each section. The radii of curvature of other FEMs are 500, 750, 1250, 1500, and 2000 m, respectively, in this work.
The analysis of internal stress of curved beam bridge under the effect of dead load

Distribution of internal stress of curved Beam Bridge along the longitudinal direction of bridge under the effect of dead load
The distribution of internal stress on the main beam along the longitudinal direction of the Chongqing Yangtze River Bridge is shown in Fig. 4 , which is a distribution diagram of transverse bending moment under the effect of dead load, longitudinal bending moment and torque.respectively. Fig. 4(a) shows that the maximum longitudinal bending moments in this bridge correspond to peak negative bending moments near the top sections of each pier. Moreover, the global maximum is observed on the section at the top of pier 2#. It can also be directly observed from Fig. 4(b) that extreme traverse bending moments occur on the sections near the tops of the piers. The maximum transverse bending moment is observed on pier 3#. Fig. 4(c) shows that both maximum positive and negative torques occur at the root faults on the top sections of each pier.
The analysis of internal stress of curved beam bridge with different radii of curvature under the effect of a dead load
According to the analysis mentioned above, the negative bending moment on the root section of pier 1# of the curved continuous rigid-frame bridge is a control value under the effect of dead load. Therefore, to reinforce our analysis, we analyzed the variation in the negative bending moment near the top sections of each pier as a function of curvature. Table  1 shows the negative bending moments acting on the tops of the piers of the bridge for different radii of curvature. 
（2000-500）/500 -2.092% -0.794% -1.387% -1.113% -3.756% -9.091% Note: The (750-500)/500 figure represents the ratio of the difference in load (displacement) for a radius of curvature of 750 m compared to that with a radius of curvature of 500 m for the curved continuous rigid-frame bridge. By analogy, the residue ratios are similarly obtained.
As is shown in Table 1 and 2, as the radius of curvature (r) increases, the absolute values of the negative bending moment on each pier top under the effect of dead load decreases. However, the reduction is insignificant. To directly observe the variation graphically, Fig. 5 only shows a comparative curve occurring when r = 500, 1000, 2000 m. Table 1 and 2 and Fig. 5 appear to suggest that an increase in the radius of curvature leads a gradual reduction in the longitudinal bending moment. However, the change is not obvious.
According to the discussion in Section 3.1, the transverse bending moment of the curved continuous rigid-frame bridge peaks at the sections near the top of each pier under the effect of a dead load (and the maximum is near the top of pier 3#). Therefore, for convenience, this study merely analyzed the variation of the transverse bending moment on the section near the top of pier 3#, as is shown in Fig. 6 . Table 3 and 4 show that a variation in the radius of curvature results in a large variation of the transverse bending moments in a curved continuous rigid-frame bridge. Moreover, it is obvious that the rate of increase of the transverse bending moment on the section near the top of the pier of the side span is significantly greater than that on the top of the pier of the mid-span.
Analysis of the data in Table 3 .1 suggests that the maximum torque on the curved continuous rigid-frame bridge under a dead load effect occurs on the sections near the tops of piers 2# and 3#. Therefore, for convenience in this analysis, we analyzed the variation in the torque on the section near the top of pier 2# for different curvature radii, as is shown in Fig. 7 . Fig. 7 shows that, as the radius of curvature increases, the torque on the top of pier 2# decreases significantly. In addition, as the radius increases, the trend for reduction of the torque gradually declines. Fig.7 . The variation in the torque on the section near the top of pier 2# under a dead load effect for different radii of curvature. As is shown in Table 5 and 6, varying the radius of curvature results in a great variation in the torque. Moreover, the rate of increase in torque on the section near the top of the pier of a side span is greater than that on the section near the top of the pier of the mid-span. Fig. 8 illustrates the distribution of the internal stress in the Chongqing Yangtze River Bridge under the load effect from prestressed steel beams (longitudinal and transverse bending moments and torque) along the longitudinal direction of the bridge. As is shown in Fig. 8(a) , the maximum bending moments appear on the sections near the tops of the piers in the curved continuous rigid-frame bridge subject to a prestressed effect. In Fig. 8(b) , the extreme values in the transverse bending moments are also found on the sections near the pier tops, with the maximum one on the top of pier 3#. Fig. 8(c) indicates that the maximum torque on the curved continuous rigid-frame bridge occurs on the sections near the tops of piers 1# and 3# under the effect of prestressing.
Analysis of internal stress of curved Beam Bridge under the load effect of pretressed steel beams
Distribution of internal stress of curved Beam Bridge along the longitudinal direction of bridge under the load effect of pretressed steel beams
The effect of different radii of curvature on the internal stress of curved beam bridge under the load effect of prestressed steal beam
Analysis of Table 4 .1 shows that the positive bending moment on the root section of block 1# of the curved continuous rigid-frame bridge is controlled under the load effect of a prestressed steel beam. . To further the analysis, we analyzed the variation of the positive bending moment on the section near the top of pier 2#, as shown in Fig. 9 . Fig.9 . The variation in the longitudinal bending moment on the top of pier 2# under a prestressing effect for different radii of curvature. Fig. 9 shows that as the radius of curvature increases, the bending moment on the top of pier 2# subject to a prestressing effect falls significantly. However, the trend in the reduction in the bending moment remains insignificant. As is shown in Table 7 and 8, a variation in the curvature results in a slight variation in the longitudinal bending moment. The analysis in Section 4.1 shows that the extreme values in the transverse bending moments of the curved continuous rigid bridge are found on the sections near the tops of the pier under a dead load effect, with the maximum one on the top of pier 3#. Therefore, for convenience, we also analyzed the variation in the transverse bending moment on the section near the top of pier 3# for the current case, as shown in Fig. 10 . Fig. 10 shows that as the curvature increases, the transverse bending moment on the top of pier 3# is significantly reduced. Moreover, it is also obvious that the trend in the reduction declines as the curvature increases. As is shown in Table 9 and 10, a variation in the curvature leads to a significant variation in the transverse bending moment of the curved continuous rigid-frame bridge.
The analysis in Section 4.1 shows that the maximum torque in the curved continuous rigid-frame bridge is found on the sections near the tops of piers 1# and 3# under the load effect of prestressed steel beams. Therefore, this study concentrated on the variation in the torque on the section near the top of pier 1# for different curvatures, as shown in Fig. 11 . Fig. 11 demonstrates that as the curvature increases, the torque on the top of pier 1# falls. Besides, it is apparent that the trend in the torque reduction declines as the curvature increases. As is shown in Table 11 and 12, variation of the curvature results in a significant variation in the torque. Moreover, the variation in the torque on the sections near the top of the pier of a side span under the prestressed effect is larger and more significant than that near the top of the pier of the mid-span. As is shown in Fig. 12(a) , under a dead load, the maximum vertical displacements of the curved continuous rigid-frame bridge appear in the middles of the two midspans. In Fig. 12(b) , the maximum transverse displacement can be seen to occur in the section near the mid-span of span 3#. Finally, we can conclude from Fig. 12(c) that the maximum torsion angle is found on the section near the 1/4 part of the left and right spans of pier 2#.
Variation of deformation of curved beam bridge with different radii of curvature under the effect of dead load
The analysis in Section 5.1 shows that the maximum longitudinal displacement is found on the section near the middle of two mid-spans. Therefore, the variation of the longitudinal deformation on the section near the middle of one mid-span is analyzed, as is shown in Fig. 13 .
The vertical displacement of the mid-span of the second span gradually reduces as the curvature increases, as is shown in Fig. 13 . As is shown in Table 13 and 14, the increase in the radius of curvature results in a gradual reduction of the vertical displacement of the curved continuous rigid-frame bridge under the effect of a dead load. However, the variation is insignificant.
The analysis in Section 5.1 shows that the maximum transverse displacement is found on the section near the midspans of piers 2# and 3# under the effect of a dead load. Therefore, this study just considers the variation in the transverse displacement of a section near the midspan under a dead load effect as a function of curvature (Fig. 14) . As can be seen from Fig. 14 , the transverse displacements gradually decline as the curvature increases. Moreover, the trend in the reduction tends to be slower with increased curvature. As is shown in Table 15 and 16, the transverse displacement of each controlling section gradually falls by a large amount with the curvature increasing.
From the analysis of Section 5.1 one can see that the maximum torsion angle displacement is found on the section near the 1/4 span of the left and right spans of pier 2# under the effect of a dead load. Therefore, for convenience in this analysis, we merely analyzed the variation in the torsion angle of the section near the 1/4 span of the left and right spans of pier 2# (Fig. 15) . Fig. 15 shows that the torsion angle displacement of the section near the 1/4 span of the left and right spans of pier 2# falls as the curvature increases. It can be seen from table 17 and 18 that variation in the curvature can result in a large variation in the torsion angle displacement under the effect of a dead load. More specifically, the torsion angle displacement gradually falls as curvature increases.
Conclusions
Based on Chongqing Yangtze River Bridge, this study firstly built a spatial finite element model with Midas Civil 2006 software and then analyzed the internal stresses and deformations of the curved continuous rigid-frame bridge in its finished state corresponding to changing the radius of curvature. The results show that as the curvature increases, the vertical deformation and torsion angle of the long-span curved continuous rigid-frame bridge are both reduced under the effect of a dead load and pre-stressed load. At the same time, such a bridge presents the special type of stress characteristic of curved-beam bridges, namely, "coupling effect of bending moment" In addition, the model analyzed shows that the deformation of the bridge in the transverse direction also gradually decreases as the curvature increases over the range 500-2000 m. As the curvature increases, the vertical displacement shows insignificant variation.
As the radius of curvature is increased from 500 to 750, 1000, 1250, 1500, and 2000 m, the vertical displacement of the mid-span section of span 3# decreases from -20.65×10-2 to -19.44×10-2 m under the effect of a dead load. Under the effect of a prestressed steel beam load, the vertical displacement of the midspan section of span 3# decreases from 28.21×10-2 to 26.28×10-2 m. Regardless of whether the bridge was under the effect of a dead load or prestressed load, the variation in the vertical displacement was insignificant as the curvature increases. However, the transverse displacement and torsion angle present large variation. As the curvature increases from 500 to 750, 1000, 1250, 1500, and 2000 m, the transverse displacement near the midspan section of span 3# decreases from 19.98×10-3 to 8.13×10-3 m under the effect of a dead load, with a maximum rate of variation of -69.3%. The torsion angle displacement on the left 1/4 span section of pier 2# declines from 7.60×10-4 to 3.56×10-4 rad, with a maximum rate of variation of -63.9%, under the load effect from a prestressed steel beam. The transverse displacement near the midspan section of span 3# decreases from -25.08×10-3 to -11.89×10-3 m, with a maximum rate of variation of -61.8%. The torsion angle displacement on the left 1/4 span section of pier 2# declines from 3.34×10-4 to 2.16×10-4 rad, with a maximum rate of variation of -74.8%.
______________________________
